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PREFACE

This report documents work conducted by McDonnell Aircraft Company,
St. Louis, Missour i, on the Intrasystem Electromagnetic Compatibility
Analysis Program (IEMCAP) F—is validation effort , sponsored by Rome Air
Development Center, Griffiss Air Force Base, New Yo rk, under Con trac t
F30602—7f,—C—0193 from 8 April 1976 to 8 April 1977. Dr. Ronald A. Pearl man
was the MCAIR principal investigator and Mr. Daniel J. Kenneally (RBCT) was
the RADC Project Engineer.

This report is divided into Part I and Part II. The first part of the
report describes how the F—15 aircraft was used as a data base for a shake-
down of the IEMCAP code and an assessment of its predictions. The results
of an input parameter sensitivity study are also presented . The second part
of the report is devoted to a detailed exposition on the mean ing and physical
significance of the integrated EMI margin, the q u a n t i t y  calculated by the
IEMCAP as a measure of interference.

Contributions to this contract effort from Dr. J.L. Bogdanor,
Mr. G. Koester, Mr. R.E. Pluminer and Mr. G.L. Weinstock are gratefully
acknowledged. The timely and helpful suggestions of Dr. D. Weiner of
Syracuse University are also acknowledged.
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1. INTRODUCTION

The Intrasysteiu Electromagnetic Compatibility Analysis P rogram (IEMCAP )
computes an “integrated EMI margin” that is used in assessing Electromagnetic
Compatibility (EMC) of elements of electronic systems .* The purpose of this
part of the report Is to treat this subject of integrated EMX margin (I.M.)
in considerable depth, describing what it is, its physical meaning in relat-
ion to real hardware, how it is derived and computed in the IEMCAP and how
it is used by the EMC engineer. Additional topics addressed include recom-
mendation of a method for quantif ying key parameters entering into the IJI.
computation , descrip tion of an experimen tal procedure for correla ting the
I.M. calculation with test data and a general discussion of I.M. usefulness
and limitations as an EMC figure—of—merit for elements of systems analyzed
by the LEMCAP.

The IEMCAP system model assumes that the performance of all receptors
in a system can be characterized in terms of average power and, accordingly ,
simulates these using a routine that integrates the interference power
spectral densities present at the receptor input ports for assessment of - ]

EMI conditions. This assumption is examined and examples are presented
indicating that the assumption is valid , at least for avionic systems using
current technology. Exceptions are also noted and recommendations are made
for alternative numer ical analysis approaches for handling these.

The general IEMCAP sys tem n~,del is reviewed showing how the I .M. is
derived along with the computational approach , with associated approxima-
tions, as implemented in the IEMCAP . Comments are made abou t the possible
errors , including estimates of their magnitudes , resulting from these code
approximations.

The IEMCAP sys tem mathematical model employs certain parameters that
require careful definition and that  are deserving of fur ther delinea tion
of their foundation in real hardware performance characteristics. These
receptor performance characteristics are examined in cons iderable detail
and recommendations are made for an approach to quantifying the key para-
meters so that the IEMCAP predictions, including the I.M., have all of the
system design considerations realistically factored into them.

A method is described for correlating the theoretically derived I.ti.
results with test data obtained from a laboratory experiment. Such an
experimen t, whose hardware parameters can be modeled in the IEMCAP, is
expected to lend further credibility to the assumptions inherent
in the 1EMCAP system model and to the importance of the I.M. as a measure
of EMI in sys tem elements .

*Appendix A, An Introduction to the IEMCAP, gives an overview of the IENCAP 
—

program and of its basic approach to EMC analysis .
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A general discussion is included of the reliab i~ ity of the I.M. as the
meas ure of EMI . This discussion considers the relative maturi ty of the
system design and the associated levels of confidence -in the parameters that
are input to the IEMCAP . The general conclusion is that the I.M. becomes

-
_ a better indicator of the ENC status of a system the closer the system
- approaches maturity, with all its paras~ ters established and documented.
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2. REVIEW OF THE IEMCAP SYSTEM MODEL

The discussion in this section is a review of the system model employed
in the IEMCAP. The model brings together all of the emitter, receptor and
transfer models within the IEMCAP into a linear system formulation for
EMI p redictions.

The system app roach of the IEMCAP involves identifying all por ts in the
system having potential for signal coup ling. These ports are categorized
as emitters and receptors with associated signal coupling paths. Since
the function of the IEMCAP is to determine , by analysis, whe ther signals
from one or more emitters unintentionally coupling to a recep tor will
impair the receptor ’s required operation , it is necessary f or the system
model to include some characterization of the recep tor ’s performance
degradation due to interference signals. The IEMCAP assumes that average
power of signals is the criterion appropriate for assessment of an inter-
ference condition in receptors . The rationale for this choice and an
examination of its validity in relation to real hardware per formance are
discussed in Section 3.

The assumption in the IEMCAP system model that receptors are power vul--

nerable devices infers that their performance can be characterized in terms of

average power of signals present a~ their input . The result of integration

of signal power spectral densities is some power level at the receptor ’s

detector which may or may not exceed a threshold power level defined for that

receptor. This total power level at a receptor ’s de tector will , in general , be
a composite of desired signal power , thermal noise power and system induced
interference power.

In order to simulate the physical operation of actual power vulnerable
receptors the IEMCAP includes a routine for mathematically integrating the
inte rference power spectral density present at a receptor ’s input , weigh ted
by the receptor power transfer fun ction , in its assessment of the inter-
ference power level at the receptor ’s detector. The mode l forms the ratio
of this computed interference power level with the tolerable interference
power level assigned to the receptor. This interference power ratio is
called the “integrated EMI margin” (I.M.). When expressed in decibels , a
positive t.M. is considered an interference condition while a negative I.M.
is generally considered a compatible condition .

2.]. Bandwidth Role in Resolution of Si~ nal Spectra. Before proceeding
with a review of the mathematical relationships involved in the IEMCAP system
model it is considered useful to make some observations regard ing the manner
in which information about signal power spectra becomes known. It is reasona—

ble to assert that everything known about actual signal spectra is dependent

upon instrument measurements. Thus , when knowledge is desired about the

interference power present at a receptor ’s input , for  examp le , this in format ion
is obtained by placing a power measuring instrument at that point to intercept

the incident signals. Such a “power meter” may be viewed as an integrating

devi ce whe reby it integrates the interference power spectral density of the
signal over some frequency range. Usually it is desired to obtain some degree
of frequency resolution in this power measurement so the integration range of

the power meter is typically constrained by introduc ing frequency filtering

7
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into the signal path . The result of this filtering is that the meter’s
reading is effectively the result of integration of the signal power spectral
density over the bandwidth of its bandpass filter. A number of such measure-
ments with the filter retuned at each of several discrete frequencies enables
a fine—grain mapping of the signal power spectra as a sequence of piecewise
constant power levels versus frequency.

In the simple power spectra measurement procedure jus t described it will
be clear that nothing more is known about the signal other than the fact that
it produced a power level at the meter indicator for each bandwidth. To
further characterize the signal at each point into narrowband and broadband
classifications it is standard practice to vary the tuned frequency of the
meter filter and to observe the effect of this retuning of the filter on the
indicated power level. If such retuning of the filter produces a pronounced
change in the meter reading the signal is classified as narrowband. If, on
the other hand, the meter reading varies only moderately with filter retuning,
the signal is classified as broadband.

The purpose of the preceding elementary discussion on measurement of signal
power spectra is to emphasize the role of the measuring instrument bandwidth
in the process of quantifying and classifying signal spectra. It will be seen
in the following that the bandwidth also provides the key to successful mathe-
matical treatment of emitter and receptor spectra in the IEMCAP system model.

2.2 The IEMCPSP System Mathematical Model. Figure 1 depicts a hypothetical
system situation in which a receptor (with index i) has unintentional coupling
paths from several emitters. The coupling path from emitter j  is characterized
by the power transfer functions Ti~ 

( f ) ,  and the signal emanating from emitter
j has power spectral density , flj(f~ . The receptor is shown divided into a
c~ollection of linear front end stages with overall power transfer coefficient,

~~ 
( f ) , and a detector stage. The lEMCAP analysis evaluates the signal coupling

f~rom the emi tter ou tpu t, through the transfer medium and through the recep tor
front end stages to the detector input. Any non—linearities in the receptor
are assumed to reside in the detector and are not explicitly treated in the
IEMCAP .

The linear communication theory relation assumed in the IEMCAP for the
power at the input to the detector of receptor i due to emitter j  is given by
the fo llowing:

f~b

~
‘Dij = J ‘1j ( f )  T~1

(f)  )3-i ( f )  df 
(1)

f
a

where P = Total power (in watts) received by receptor I (at its
Dij detector) from emitter j in the frequency range from f

to
f lowest frequency of interest

= highest frequency of interest

8

-— __ ___. _.~;_a_:. _—~~~ — .. ~~ - -
- 

-



Equipment
No.1

Figure 1. System Model Showing Emitter Ports, Transfer Mechanisms
and Receptor Ports

The total received power at the receptor’s detector due to all emitters
coupling to receptor i is expressed as a summation as follows:

N ~b 
(2)

P
DI] 

= 

~~ 

f fl~ (f)  T
i . ( f)  

~~~~ 
df

f fa a

where P~ total power in watts received by receptor I at its
de tector input from all coup led emitters in the fre-
quency range from 

~a to

N e = total number of emitters coupling to receptor i.

As mentioned previously ,  there is assumed to exist for every receptor a
tolerable or threshold level of power at its detector due to interference sig-
nals that, if not exceeded, will permit acceptable required operation of the
receptor. Let this interference threshold power level for receptor I in the
present development be denoted K , a fixed power level in watts (i.e., fre-
quency independent). Then, the r~~io of the power calculated by equation (2)
to this threshold power is defined to be an “EMI margin”; i.e., it is a measure
of the actual interference power (evaluated in the frequency range from f to

~~ 
coupled to the detector of receptor i compared to that receptor’s inth—

ference threshold power. If this ratio is greater than unity, an interference
condition exists. If the ratio is less than unity, the system elements being
evaluated are said to be compatible in the frequency ran ge of equation (2).

The quantity K identified above as the interference threshold power for
receptor i is discuhed and de f ined in more detail in Section 4 .2 .4  of this part
of the report where it is further related to the desired signal threshold power

9
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and thermal noise power at the detector input of a receptor. The quantity K
is defined in Section 4 as the “Standard Interference Response Interference
Power Level” , and also is given the abbreviated designation S .T. in the following
discussion.

Consider now a CW in ter fe rence signal emanating from emitter j and centered
in the passban d of receptor i; i.e., assume that ri~ ( f ) T .~~( f )  = P~ 5(f_f ) in
equation (1). Then:

~Dij 
&(f-f

0
) 
~~~~~ 

df (3)

= 

~

where_it is assumed that 
~a 

< < and
P . = the CW signal level at the receptor input due to emitter j

= the power transfer function of receptor i at its tuned frequency ,f0.

If the CW signal is increased to the level where the S.T. level at the detector,
K ., is jus t reached, the receptor input sigaai level is said to be at the
“~~isceptibillty” level, S.(f ), at the receptor tuned frequency and the fol-
lowing relationship is ob~ai~ed by substitution of these definitions into
equation (3):

K . = S (f )~~.(f ) (4)
51 1 0 1 0

If a CW signal is introduced at some other arbitrary fre~~t~ncy point,
f~~ (where 

~a
<
~p

<
~b~ ’ 

and the operations leading to equation (4) are repeated.

there results a relationship, similar to equation (4), as follows:

K
1 

= S .( f )~ 1(f) (5)

Now, since the frequency point, f , is arbitrary, it is reasonable to express
equation (5) with the general frequency f, resulting in:

K . = s . ( f )~~f)  (6)

Since the quantity, K , ,  is identically the same constant power quantity in
both equations (4) an~ (6) ,  the following relationship is established by
equating (4) and (6):

S
1

( f )  = s~ (f) 8. (f )/~1
(f) (7)

that is, the susceptibility at any frequency is expressed in terms of the sus-
ceptibility at the tuned frequency and the receptor power t ransfer  function.
This susceptibili ty  function of frequency is seen to be convenien t in trans—
forming EMI margin calculations to the input port of receptors, the point at
which EMI assessments are made in actual practice for equipments .

10



The IEMCAI’ formulation enabling EMI assessment at the input port of
receptors is developed by first substituting equation (7) into equation (1)
with the following result:

p — 
n.(f) T. .(f) S.(fo)8.(fo)

— 

Dij 

~a 

S.(f) 
1 df (8)

Now, dividing both sides of equation (8) by the constant, S (f )~ (fo) =Kyields : i 0 i si
f
b

P 
~~~

. 1K = I n ( f )  T ( f )D J~ Si J .j~~ ~~~~~~ df (9)
S . ( f )

The left side of equation (9) is the ratio of actual interference power at the
detector to the S.T. and is the EMI margin evaluated in the frequency range
from f to as defined previously. The right hand side of equation (9) is
the co~iputation actually performed in the IEMCAP using quantities applicable
at the receptor input port.

A result similar to equation (9) is easily demonstrated to hold for
multiple emitters coupling to a receptor as expressed by equation (2). In
this case the ratio of power at the detector to the S.T. takes the form:

P
D1J/KSL I ~~~ i~~~

) T
ii~~~ ]df (10)

An examination of the integrands of equations (9) and (10) will prove use—
ful for later developments. The integrals themselves have been labeled as
some kind of EMI margin app licab le to the f requency range fro m 

~a to
importan t , useful EMI margins remain to be defined. Attention is directed
to the dimensions of the quantities in the integrand of equation (9). The
power spectral density, nj(f) , has dimensions of watts/Hz; the power transfer
function, T (f) , is dimensionless and the susceptibility function , S1( f ) ,
has dimensi~~s of watts. ifence, the complete integrand has the dimensions
of watts/Hz/watts 1/Hz and, since it is used in the calculation of EMI margins ,
has been designated as a “margin density” function. Thus, the integral, with
respect to frequency, of a margin density function of frequency is a “margin”.

2.3 Point EMI Margins. The foundation has been laid by the preceding
discussion on which to build the mathematical relations for the EMI margins
actually calculated by the IEMCAP for use in assessing the EMC status of
systems. The first type of EMI margin calculated is called a “Point Margin”
(P.M.). Its name derives from the fact that it Is applicable in the neigh-
borhood of a sinsle frequency point. Both narrowband and broadb and P .M. ’s
are calculated in the IEMCAP.

11
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The mathematical development starts with reference to equation (9), the
situation for a single emitter coupling to a receptor. In equation (9) the
emitter power spectral density should f i rs t  be considered as resolved into
narrowband and broadband components; then a relation of the fo rm of equation
(9) wIll apply to each component taken separately. Ne xt , the f requency range
of integration is specialized so that it extends only over one “bandwidth
factor” (BW), as defined in Table 1. Then, equation (9) is written as
follows:

BW

P.M. = I I1~i
(
~ 

T ii ( f ) 1  df

J L s.(f) J
r (11)

= ~fl
j

(f
p
) T jj (fp)1 (8w)

L S .( f ) ]
The interpretation of equation (11) is that the integrand of the integral

is a piecewise constant margin density at any given frequency point, f~ , which,when multiplied by the bandwidth , 8W, gives the P.M. at that frequency point.
This is completely in accord with the ideas expressed previously about the
information known about spectra (both emission and susceptibility spectra)
being limited to the bandwidth of the Instrument used in measurem4~nts. For
the narrowband component of the emitter power spectral density, ri~~ (f )
equation (U) $ives the narrowband P.M., or N.P.M. For the broadband~cotn—
ponent, 

~~~~ 
)I~ 

the calculation of equation (11) gives the broadband P.M.,
or B.P.M.

In the SGR portion of IEMCAP the N.P.M. and B.P.M. are calculated sep-
ara tely for each emitter coup ling to a recep tor and , where incompatibilities
are found (B.P.M. or N.P.M. greater than unity) the emitter unrequired spec-
trum is adj usted to achieve comp atibili ty, if possible. When all emitters
coupling to the receptor have been so examined and adj usted where needed and
where possible the IEMCAP then recomputes and prints out the adjusted N.P.M.’s
and B.P.M. ‘s for each emitter along with actual adjusted emission limit levels
at each frequency for possible use in preparation of narrowb and and broadband
limit specifications for each emitter.  The meaning here of the word
“possible” will become clear following development of the “integrated
margin” to be discussed later.

Afte r all emitters coupling to a receptor h~tve been adjusted in SGR the
program then computes a quantity called “total receiver power” at the recep-
tor at each receptor frequency point using either actual known vaaues at
these points or else using “maximum values” obtained by in terpolation when
the receptor frequency falls between pairs of emitter frequencies (for more
specific details on these procedures Reference 1 should be consulted) . In
comp uting “ total received power’ both the narrowb an d and broadb and components
are co~±ined into a single total power quantity at each receptor frequency
and this is considered to be the power present in the bandwidth applicable
to each frequency point.  Then a “ tota l power poin t margin” (T.P .M.)  is
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Table 1. Bandwidt h Factor

EMITTER RECEPTOR BANDWIDTH

Required Required Mm (Bemit. Brec)

Required Unrequired Mm 
~
8emit’ Bstd)

Unrequired Required Br~~
Unrequired Unrequired Bstd

Bstd = 30% f0 30 Hz<f 0~~ 50 KHz

1O% f0 5O KHz<f 0~~ 1 MHz

7%f 0 1 MHz <f 0~~ 10MHz

5%f 0 10MHz<f 0~~ 100MHz

2.5% f0 100 MHz<f 0~~ 1 GHz

1%f 0 1 GHz<f 0~~ 18GHz

computed for use in assessing receptor compatibility with all coupled emitters
adjusted. If now incompatibilities are found (T.P.M. greater than unity at one
or mere receptor frequencies), the receptor nonrequired spectrum is adjusted
until compatibility is achieved, if possible. After receptor adjustment where
needed and where possible the 1EMCA? then recomputes and prints out the T.P.M .
along with the adjusted receptor susceptibility levels at each frequency
for possible use in preparation of a susceptibility specification for the
receptor.

2.4 Integrated EMI Margins. The point EMI margins (P.M. ’s) discussed
in the preceding paragraphs were seen to be computed at several discrete
frequencies in a frequency rauge that is common to each emitter and a receptor .
These point margins are used in the program to compute still another type
of EMI margin which is called the “integrated EMI margin” , or simp ly I.M.
This I.M. is used as the measure of overall EMC for a receptor in its emission
environment. Four distinct forum of the I.M. are computed in the IEMCAP :
a narrowband I.M. (N.I.M.), a broadb and 1.11. (B.I.M.), their sun (I.M.),
an d a total I.M. (T.I.M.). The integrated margins have usefulness In
judging the EMC performance and cost effectiveness associated with the
spectrum adjustments carried out in the SGR . The general approach used in
the IEMCAP in the calculation of these I.M.’s is presented in the following.

Broadband Integrated Margip .~ The broadband I .M. calculation is developed
first. The solution sought is represented by equation (9) where the limits of
integration are now the lowest frequency and the highest frequency common to
the emitter— receptor pair.  The development is aided by reference to the gra-
phical presentation of Figure 2 in which are shown plotted the broadband
point margins (B.P.M. ’s) at two successive frequencies in the required range.
The B.P.M.’s are plotted in decibels versus the logarithm of frequency so
that the presentation is in log—los coordinates. This is of some importance
since the IEMCAP maintains records of margins in decibels and of frequencies
on a logarithmic basis, making appropriate conversions when actual values

13
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$ Piecewise Constant
~ Log-Linear Approximation Point Margin at
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r

Piecewise Constant
I I I Point Margin at~
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Log f~ LOg f b Log f

a) Log-Linear Approximation of
Broadband Margin Density Function

b) Broadband Margin Density Function
Derived from Log-Linear Function

Figure 2. Broadband Integrated Margin Approach

are needed for computations . Shown by phantom lines in Figure 2 are the
bandwidths associated wi th the two freq uency poin ts and the piecewise constant
B.P.M. values applicable in these bandwidths. The situation shown has the
frequencies separated such that the bandwidths do not overlap . Other situa-
tions could exist elsewhere for this hypothetical emitter—receptor pai r in
which frequencies could be so close that the associated bandwid~~is do ~ ier—
lap. Consequently, it would not do to simply approximate the i~1~egr~ t ton
by a summation of the rectangular areas since this would prcb ahlv ie~ ‘i..
in errors including both omitted frequency regions (the c~~ -~ c-t-~~.1 Figure
2) and overlapping freq uency regions. A different approa~I to i-i~~r :  ~t i~ n
is therefore indicated.

The integration approach for B.I.M. used in the IE~4CAP 1~~~j oive S f i r s t
converting the point margins at each of the two frequenci~~ L~~~ i~g~’r ~

- 2 to
piecewise cons t an t logarithmic margin densities b y sub t racting t tse logarithm
of the bandwidth at each frequency point from each margin expressed in deci-
bels. Then these discrete logarithmic margin densities are connected by
a straight line in the log—log coordinates. The resulting log—log function
is transformed to an actual margin density function and an analytical inte-
gra t ion , desc ribed by equa tion (9) , is performed in closed form for each
interval between successive frequencies. The complete B.I.M. is then obtained
by summing all of the incremental B.I.M.’s computed for each intermediate and
contiguous interval, over the entire frequency range.

14
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The mathematical relations involved in the B. I .M.  calculation are
expressed as follows:

B.I.M. = 

r=l 

(12)

whert~ N = the combined total of all emitter and receptor frequencies over
the entire common frequency range

m B 
= the incremental B.I.M. obtained from integrating between fre—

r quencies 
~r 

and f~~1.

Now , to obtain the incremental B.I.M. (m B
) in the frequency interval from

f to f , the following relationships are estab lished from the straigh t
line gr~~~iical presentation given in Figure 2.

The equation of the straight line margin density funct ion in log—log coordi-
nates is:

10 log10 M +1 — 
10 log 10 M 1

10 log10 M — 10 log 1 M r 
= 

[10 tog10 ~~~~ 
— 10 ioi~~7j 

log10 f - l og10 cj
or 

log10 [-4~_] =~ log10 { ~~~~~~~ 
]
,

/iog1o [
~~ ÷i ] log10

Now, let

a = log
10 [M

r+l ] ,~// log 10 (13)

Then log
10 

= log10 [f-] 
a 

, or M = M [f] 

a

r+l 
f~~1 a+l

And m = 

JM 
( f ) d f  = 

JM [ f j  df = (a+1) [_ _

~

_ - f

r] 

(14)

* See Reference 1 for the case where a = — 1

Narrowb and Integrated Margin. Calculation of the narrowb an d integrated
margin again involves the use of a margin density function that is derived
from the narrowb and point margins previously calculated at discrete frequencies
in the IEMC AP . In this case the margin density function is formed by st raight
line connection of the narrowband point margins in the actual margin—frequency
coordinate system as illustrated in Figure 3. The program assumes that the
bandwidth factor is constant over the interval between two successive frequency
points involved in the narrowband integrated margin calculation. Thus , the
point margins at the discrete end frequencies are converted to piecewise
constant margin densities by dividing them by the bandwidth factor associated
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Figu re 3. Narrowband Integrated Margin Approach

with the highest frequency in the interval. Then these p iecewise const an t
margin densities are connected by a straigh t line to form a ..iargin density
function in the frequency domain (Figure 3), and the incremental narrowb and
integrated margin, mrN, is calculated, using the formalism of equation (9),
as the area under the curve in Figure 3. The complete N.I.M. is then obtained
by summing all of the incremental N.I.M’s computed for each intermediate and
contiguous interval over the entire frequency range.

With the assumptions just stated the narrowband integrated margin is
written as follows:

Nc

kT T ~I — ~~~~~~ mrN (15)
r=1

where N the combined total of all emitter and receptor frequencies
- in the common frequency range .
mrN = the incremental N.I.M. obtained from integrating between

frequencies 
~r 

and f~~ 1
.

Each incremental N . I . M  (m rN ) is given by:

f I

m M(f) d frN ‘
~~~~ (16)

= ½ [M(f +1) + M(f )] [f r+i 
— 

~r]
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Total Integrated Margin. The total integrated marg in  is computed as the
composite of the broadband and narrowband integrated marg ins following emitter
and receptor adjustments in SGR. This total integrated margin, T.I.M., is
thus given by:

T.I.M. = ( B . I . M .  + N.1.M.)
(17)

j=1

2.5 Use of the Integrated and Point Margins. As discussed previously,
following emitter and receptor unrequired spectrum adjustments in the SGR,
the IEMCAP computes and p rints out updated values of narrowb and and broad-
band point margins (N.P.M. and B . P . M . )  at emitter frequencies for  each
emitter and also computes and prin ts out an upda ted total point margin
(T.P.M.) at each re ceptor frequency . Adj usted narrowb and and broadband
emission limit levels for emitters and adjusted receptor susceptibility
levels are also availab le in the printout as the initial step in the iter-
ative process leading to the establishment of equipment specifications .

The program also computes and prin ts out two forms of in tegra ted margin ,
reflecting all spectrum adjustements . The integrated margin (I.M.) is
printed for each emitter coupling to a recep tor and this is employed by the
user to j udge the overall effectiveness of the spectrum adjustments performed
by the program so far  as individual emitters are concerned. The total
integrated margin (T.I.M.) is similarly used to assess overall compatibility
of the receptor, with all coupled emitters considered , after the program
adjustments.

Integrated margins greater than unity (positive in decibels) indicate
that EMI conditions persist even after adjustments have been made of the
various unrequire d spectra. Unde r such conditions the recommended procedure
is to careful ly review all of the associated point margins (P.M.’s) to
isolate the cause(s) of the problem(s).  The P.M . ’s will enable determination
whether the EMI is the result of one or mere of the following fou r conditions~

a) required emissions to required receptor spectra;
b) required emissions to unrequired receptor spectra ;
c) unrequired emissions to requi red receptor spect ra ;
d) un require d emissions to unrequi red receptor spectra.

In case (a) the EMI is ut t avoidable and will have to be dealt wi th  by
special measures such as receiver blanking. In case (b) the receptor us-ire—
qui red spectra were not adjusted sufficiently to eliminate EMI in the region
of requi red emissions . If the receptor adjus tment is al ready at the p rac t ica l
limit in these regions , the EMI will have to be fixed b) 1150 of ~.y~~tem EMI
contro l measures such as f i l t e r ing ,  shIeldi ng , re routing wir o s , c-tc .  Case (c)
indicates that the adj us tment of one or mere emit t ors  was i n s u 1ficie nt  in the
receptor required range and the particular offender (s) — -in h- ident i f ied by
review of the N . P . M . ’s and B .P .M . ’s for  the emi t ters in the ‘..Lcinity of the
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receptor required spectrum. Such a condition will either necessitate
further emitter adjustments, if f easible , or else will require use of
system EMI con t ro l techniques . Case (d) will result if one or mere emitters
or the receptor have received insufficient adjustment and a scanning of
the various P.M. ’s should reveal the cause(s) of the p rob lem. Fixing case
(d) could entail fur ther  adjustment of certain emitter spectra or the
receptor spect ra, if p ractical , or else application of EMI control methods .

Is-s all of the cases discussed above the integrated margins provide the
evidence that incompatibilities exis ted at the completion of an SGB. run while
the poin t margins provided the clues f or pinpointing the causes of the
prob lems . The objective of app lying fixes to the problem areas is to drive
the integrated margins toward moderately negative values in decibels in a
subsequent exercise of the oro gram . When this result is achieved for each
receptor in the sys tem (except for unavoidable EMI situations) compatibility
of the system is assured. There is always the possibility of coarse , of
over—specifying the system EMC requirements , in which event the system EMC
design may not be cost effective. The integrated margins also convey
information about this condition when their values in decibels are strongly
negative. This could mean that unduly stringent adjustments have been
applied to spectra in the SGR and the user will then want to relax the
input criteria so that the integrated margins , in a subsequent IEMCAP run ,
will reduce to moderately negative values in decibels.

When the integrated margins all indicate compatibility , if possible , and
do not h ave excessively large negative decibel values, the spectral levels
printed by the IENCAP are probably then suitable for use in preparing equip-
ment specifications.

2.6 IEMCAP Treatment of Broadb and Emission Spectra. A fur ther  aspect
of the IENCAP sys tem model that needs discussion is the manne r in which broad-
band emission spectra are treated in the program . The integrated EMI margin is
evaluated by a weighted integral of an emitter’s power spectral density in
watts per her tz  received at the input port  of a receptor. Broadband emission
limits , however , are not specified in terms of p ower spectral density but
in te rms of the quantity measured by a standard EMI test receiver , such as
an Empire Devices NF—l05; namely, the current spectral level in microamps per
megahertz. The current spectral level is a measure of the peak current
contained in the instruWent bandwidth.

Required spectra of emitters and receptors use either the mathematical
models coded into the program or user specified data. For a given emitter
with a known modulation waveform, a mathematical relationship between the
average power in a frequency interval and the peak current in the interval
is used by the program to convert the power spectral density calculated by
one of the spectrum models to an equivalent current spectral level in speci-
fying the broadband emission level. This quantity is ultimately converted
b ack to the original value of power spect ral density in order to calculate
the integrated margin on the basis of average power.

18

- -—— - 
— - — -



- —,-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,—_“__ -.—-,—.— -,--_.____ __‘~
_ -“--- --,—-— ---- —--—_—e—--#,—— ••~7~~~~~~ -~~ — —- .— — ~*___.____ _ _ —‘— ——‘—,--— - -- --—.-,—‘_-------,_-,~~~-,-— — ___ ‘________ — ,-—- ‘— - —fl-——,-— — —-— --———-

For emitters where the user specifies the required emission level , the
broadband emission level is already presented in te rms of a current or
voltage spectral level. The iton—required emission spectra of all emitters ,
moreove r , are represented by military specification (mi l—S pec) limit levels
on spectra. Both MIL—STD—46l and MIL—I—6l81 are coded and made available
for user choice between them depending upon the equipment being modeled.
These levels are also presented in terms of current or voltage spectral
level, as measured by a standard EMI test receiver. In order to evaluate
these emissions from a viewpoint of average power, the IEMCAP assumes the
signals can be modeled as broadband Gaussian noise.
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3. VULNERABILITY OF RECEPTORS

This section examines the IEMCAP treatment of the important issue of
the reaction of the receptors to interference signals. It is found that
receptors can be categorized in two basic classifications: a) those
whose perfo rmance can be characterized in terms of average power and b)
those whose performance can be characterized in terms of an amplitude
threshold.

The following paragraphs discuss the results of an investigation of the
receptor responses of a variety of equipments foun d in weapons systems . The
findings are examined in relation to the assumptions in the IEMCAP and recom-
mendations are made for alternate approaches that the IEMCAP could employ to
model device responses not presently treated in the program.

3.1 Assumptions in the IENCAP. As discussed in Section 2, the IEMCAP
system model contains the assumption that the receptors in a system can be
characterized in terms of average power and consequently the power spectral
density of signals is integrated across the entire spectrum in order to
obtain the average power at their inputs. The program accordingly includes
provisions in its system mathematical model for simulating this power
integration. The IEMCAP model is structured to integrate the power of
unintentional signals coupled to all receptors and compares the accumulated
interference power in each instance with a susceptibility power level defined
for each receptor by means of a quantity called the integrated EMI margin.

It is instructive to examine the rationale for the choice of signal
average power as the criterion used in the IEMCAP for characterization of
receptor perform ance. Following is a list of the key factors f avoring that
choice:

a) The performance of receptors in communications systems is
invariably a function of average signal power (this includes
voice communications , digital data, radar, navigation, electronic
warfare , etc.).

b) The performance of receptors of analog signals is generally
sensitive to average power.

c) The performance of receptors of digital logic signals may have a
characterization in terms of average power.

d) Since multiple sources of signals tend to be uncorrelated , the
average power of the sum is simply the sum of the average powers.

e) Unrequired spectra, even for single emitters, will probably most
often tend to have random phase relationships in the t,ime domain ;
therefore average power is a convenient representation.

f) State—of—the—art  emission and coupling models incorporated in the
IEMCAP are modeled in the frequency domain , and accordingly ,
contain no phase information for analysis of coherent signal
combining.

Several of the factors listed (items a, b , d, and e) provide definite
motivation for the selection of average power as the basis for interference
assessment in receptors. Item c , which commen ts on digital logic receptors ,
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indicates an uncert ainty about the power performance criterion of such
devices and, as will become evident, is presently considered to be a weak—
ness of the IEMCAP that should be strengthened. Item f is mentioned as a
reminder that an attempt to assess interference on a coherent basis in the
time domain would likely involve a significant model development effort.

Table 2 is a listing of important types of receptors found in systems ,
categorizing them according to their vulnerability to power or to a threshold
voltage or current level. It is seen that analog devices dominate the
extensive power — vulnerable list while digital logic devices which are
coming into widespread use, are the principal threshold — vulnerable receptors.

3.2 F—l5 Mini—System Receptor Characterization.  The large mini—sys tem
assembled to simulate the F—15 weapon system for assessment of the IEMCAP EMI
prediction capability consists of a total of 230 ports. Of these, 149 are
receptor ports (seve ra l of these are also emitters) which were assessed to
categorize them as either power — vulnerable or as threshold — vulnerab le .
The result of this assessment, whose basis is described in Part  I of this
report , is that over 90 pe rcent of the mini—system receptors are jud ged to be
vulnerable to ave rage power. The performance of all of the antenna ports and
most of the wire ports are categorized in terms of average power.

Since the criteria for selecting equipments in the F— 15 mini—systems did
not include power vulnerability , it is considered probable that the complete
F—l5 weapon system could be charac terized as having a similar preponderance of
power sensitive receptor devices. It is concluded , on the basis of this assess-
ment that the IEMCAP assumption of power vulnerabili ty of receptors is probab ly
valid for most equipments of the type found in the F—is aircraft. However, as
was pointed out in the discussion in Part  I , even though the threshold sensitive
devices on the F—l5 are relatively few in number , they may have serious
interference problems that IEMCAP, as presently conf igured , would not success-
fully predict. A possible approach to overcoming this suspected deficiency
of the IEMCAP is outlined in the following.

3. 3 Recommendation for Treatment of Threshold Devices. An approach for
analytically p redicting the peak levels (peak current or peak power) emanating
from emitters and comparing these to the peak respons e characteristics of
th reshold sensitive devices has been conceived for possible fu ture  implement-
ation in the IEMCAP . An outline of this analytical approach is p resented in
Appendix B . It is seen that the analysis is cast in the same general frame-
work as the average power analysis approach used presently in the IEMCAP
so that no fundamental changes would be required in the IEMCAP system model
to accommodate its implementation.

The general approach proposed for assessment of compatibility of threshold
devices is now outlined , following the analysis procedure of Appendix B. The
similarity between this proposed approach using peak currents and the present
program approach using average power arises in the integration of spectral
density . The approach involves defining a peak current susceptibility for the
th reshold — vulnerable device and then comparing the peak current leve l
incident at the device input to this suscept ibi li ty  level. The ra t io  of these
two levels at discrete frequencies yields a “point current margin” (P.C.M.)
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Table 2 Categorization of Receptors

Type of Receptor Type of Waveforms Used Vulnerability —

1. RF Receiver CW, Modulated RF, Pulsed RF P

2. Traveling Wave Tube Amplifier CW, Modulated RF , Pulsed RF P

3. Analog Audio or Video Band Receptor DC Analog, Audio Frequency Signal , P
Video

4. Speaker or Earphones Audio p

5. Diode Switch (Selecting 2 or more Devices) Switched Discrete P. T

6. DC - Coupled Input to Solid-State Logic Device 1 Pulse Train , Discrete P, T

7. AC/DC Input to Voltage Regulator or Power Bus AC/DC Power P

8. Synchro Control Transformer Three-Wire Synchro Signal P

9. Motor AC/DC Power P

10. Meter Movement DC Ana(og, Audio Frequency Analog P

11. Relay Coil Switched Discrete , AC/DC Power P

12. Lamp Bulb, Tube Filament Switched Discrete , AC/DC Power P

13. Light Emitting Diode Switched Discrete , AC/DC Power P, T

14. Electro-exp losive Device DC Power P

1S,ngle input or differential comparator , either transistor or integrated circuit~ e .g., Complementary MOS (CMOS) , Diode
Transistor Logic (DTL) , Transistor-Transistor Logic (TTL) , Low Power Schottky (LS) or Emitter-Coupled Logic (ECL).

P Average Power
T Threshold
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as a measure of compatibility at each frequency point. Additionally, a
“peak current margin density” function is found using the ratio of the
“current spectral level” to a “current susceptibility function .” This current
margin density function is then integrated over a frequency range of interest
to yield an “integrated current margin” (I.C.M.) based on peak current
ratios. Inherent in this approach to calculating an I.C.M. is the fact
that all of the peak current contributions to the integral combine in phase.
Appendix B develops methods for calculating the P.C.M. and I.C.M. for both
the single emitter case and also for multiple emitters , in which case the
computation would yield a total P.C.M. and a total I.C.M.

It is believed that the peak current margins that would be computed ,
using something like the approach outlined in Appendix B , would make possible
assessment of the affect of transients (which will generally contain very
little power) on threshold — vulnerable devices. These effec ts  would mos t
likely be revealed in the I.C.M.’s and more detailed information would be
provided by examination of the P.C.M.’s.

Since the earlier discussion made clear that equipments in weapons systems
contain both power and threshold vulnerable receptors , implementation in the
IEMCAP of an approach such as that described in Appendix B should be such
as to make it an alternative to the average power analysis , not its replace—
merit. The user could then call for computation of peak levels for those
receptors he knows or suspects should receive this treatment. If he isn’t
sure , he could specify that both types of analysis be performed , thus
deferring judgement about which prediction is applicable until more information
is available.
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4. RECEPTOR PERFORMANCE CHARACTERISTICS

The IEMCAP system model employs a number of parameters requiring careful
definition and examination of their formulation in actual hardware performance
characteristics. These receptor performance characteristics are examined in
considerable detail and an approach is discussed for quantifying the key para-
meters so that the IEMCAP predictions, including the integrated EMI margin,
have all of the system design considerations factored into them.

4.1 Definitions of Receptor Termino1o~y. Following is a set of defini—
— tions of terms applied to parameters of power vulnerable receptors. These

definitions are set forth here with the object ive of clearly d istinguishing
several signal levels in receptors that are used in the IEMCAP so that its
numerical EMI predictions reflect actual hardware performance behavior in the
system environment. There are six such signal levels which are later used in
describing actual receptor performance in terms of signal—to—noise and signal—
to—interference power ratios.

4.1.1 Standard signal response. A standard signal response refers to
some minimum acceptable behavior of an equipment in the absence of interfer—

• ence as determined from an “interference—free” performance curve. (A standard
signal response could be signal—to—noise ratio, probability of error , mean
square error, articulation score, etc.). This standard signal response can be
related to a detector input signal—to—noise ratio, where the noise is due
solely to that introduced in the front end.

4.1.2 Standard interference response. A standard interference response
refers to some minimum acceptable behavior of an equipment in the presence of
interference as determined from an “interference present” performance curve.
(A standard interference response could be signal to interference ratio , prob-
ability of error, mean square error, articulation score, etc.). As in the
case of standard signal response, these measures can be related to a detector
input signal—to—interference power ratio. An independent parameter in the
input signal—to—interference ratio is the noise introduced by the receiver
front end. To properly illustrate the interference effects on equipment per-
formance, performance curves can be developed relating signal—to—interference
ratios for constant signal—to—noise ratio. It is noted that as the interfer-
ence power level goes to zero, the equipment performance approaches that dic-
tated for the interference free situation .

4.1.3 Minimum detectable signal. The minimum detectable signal refers
to the desired signal at the receptor input terminals that produces a “stan-
dard signal response” of the equipment in the absence of interferqnce .
Thermal noise generated in the front end is assumed present.

4.1.4 Minimum acceptable signal. The minimum acceptable signal refers
to the desired signal at the receptor input terminals that results in a
“standard interference response signal power level” at the detector in the
presence of interference. Thermal noise generated in the front end is assumed
present .

4.1.5 Standard interference response interference power level. The
standard interference response interference power level is the maximum
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average power of interferers at the detector input that enables a “standard
interference response” for a “minimum acceptable signal”. If the interference

average power to the detector is greater than the “standard interference
response interference power level”, interference is said to exist.

4.1.6 Susceptibility power level. The susceptibility power level
refers to the average power of an interference signal at the receptor input

• terminals that results in a “standard interference response interference
power level” at the detector . This “Susceptibility Power level” is the level that
should be assigned as the input parameter for all receptors in the IEMCAP instead

• of the “sensitivity level” identified in Reference 1.

4.2 Communications Theory Basis. The discussion in the following para-
graphs vill develop relationships among the signal power quantities defined in
Section 4.1 in terms that are commonly encountered in communications theory
and communications systems engineering. In the process of this development ,
a systematic basis is established for quantifying the “Susceptibility Power
Level” on which the IEMCAP ~umputations depend and , therefore , which affects
the accuracy ~f the program~s EMI predicitions.

4.2.1 Generalized receptor power response. With reference to the “input ”
power response” function for a receptor given in Figure 4, consider the
method employed to obtain the data used to plot such a characteristic .

_ _  II
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J
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Figure 4. Generalized Receptor Input Power Response
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First , a number of assumptions are stated about the receptor and about
the measuring instruments used to obtain the response data:

(a) The receptor ’s performance can be related to the average powers present
in the signal, noise and interference;

(b) The receptor has a linear power transfer characteristic , ~(f),
which transforms power at its input to power at its detector;

(c) The receptor is characterized by a particular performance quality
measure ;

(d) There is an accepted standard method for determining when the
recep tor ’s detection power “threshold ” has been reached ; i.e.,
that detector signal power level , K, which jus t satisf ies  the
aforementioned performance quality measure for the receptor;

(e) A calibrated average power measuring instrument of known bandwidth ,
B, is available for  connection between a variable powe r level ,
var iable frequency signal source , and the receptor input port;

(f) The input meter bandwidth , B, is narrow compared with bo th the source
and receptor bandwidths . (The bandwitdh at frequency f~ is denoted Br

).

Figure 5, is a simplified block diagram of a possible recep tor power
response test setup.

The procedure to be followed in measuring the power response data is
given in the following:

(1) Set the signal power source to an initial f requency , f 1;

(2) Set the input power meter filter so that it is centered on the
initial frequency;

(3) Adjust the original source power output level until the output
power meter just registers the detector threshold power level, K;

(4) Record the power level of the input power meter P~~~;

(5) Repeat steps 1 through 4 for a sequence of signal source frequen-
cies covering the frequency range of interest for the receptor .

A

Bandwidth B Output
Power
Meter

Figure 5. Receptor Power Response Measure ment Setup
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Consider now the mathematical basis for  the power transfer  through the
receptor from its input to its output. Let t-~(f) represent an input power
spectral density (1.p.s.d.); then the output power spectral density (o.p.s.d.)
is just

o.p.s.d. = q ( f )~~( f )  (1)

and the total power at the receptor ’s detector is the result of integrating
(1) over all frequencies as follows:

r
out 

= fn(f)~ (f)df (2)

Now, in using (2) to represent the power response measurement scheme for  a
receptor , recall that the input power meter was assumed to possess a filter
charac ter istic with bandw idth , ~~~ associated with a parcicular frequency
setting, f~~, of the meter as illustra ted in the graph of Figure 4~ The
practical e f f ec t  of the mete r f i l t e r  is to constrain the in tegra t ion  range
of Equation (2) to the instrument bandwidth at each frequency po~~it . Conse-
quen tly, both the measurement of input power and the measurement of output
power are so cons trained , such that the power levels obtained are mean values
in the instrument bandwidth intervals. According ly ,  the input power meter

- measures a level of power incident from the signal source which is also repre-
sentable as an integration over the meter bandwidth as follows :

B
f p

P
1

( f )  = J ~ ( f )~~1( f )  df = (3)

where 81(f) is the meter f i l t e r  power transfer characteristic which is assumed
to be unity within the meter passband and n (f~ ) is the  mean value of ~(f)over the integration interval.

It is seen tha t Equation (2)  sho uld properly be written to i n c l u d e  the
input power meter power trinsfer characteristic , as well as the receptor
power transfer characteristic ; i.e., the following formalism is appropriate:

r
out 

= n (f)8 1(f)~
( f ) d f (4 )

which reduces , under the previously stated instrument bandwidth constraint ,
to the following:

B
(p

1’out = J n(f)B(f)~~( f ) d f  = n ( f ) B~ 8( f ) (5)
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or, using (3):

= 

~~~~~~ 
B(f ) (6)

Equation (6) says that , within the bandwid th of the measuring instrumen t
at the measurement frequency, the average power transferred from the receptor
input to its detector is simply the product of the input power and the recep-
tor power transfer function associated with the particular measurement fre—
quency. This advantageous and realistic simplification of the integral of
Equation (2) is routinely used in the IEMCAP broadband EMI point margin calculations.

According to the previously outlined test procedure , the input power
level, 

~~~~~~~ 
in (6) is to be set , suc h that the output power meter just

registers the threshold power level, K. Hence, the following rela t ionship is
established :

K = P . ( f ) ~ (f ~~) ( 7 )

Equation (7) says that , at every frequency poin t across a spec trum of in tere st
for a receptor , there is a value of input power which just causes the output
power level to be at some threshold level. This relationship holds whether
the inpu t power is narrowband , broadband , or a combina tion , and it is under-
stood to be valid on a frequency point—by—frequency point basis under the
assumption that it represents the input—to—output power transfer within an
instrument bandwidth at each frequency point.

Examine now the question of the definition of the receptor output power
threshold , K. There are three such power levels that will be discussed and
these will be seen to be rela ted to one another and to the measure of perfor-
mance quality that is decided upon for the receptor. For each of the three
output threshold power levels, there is a corresponding input power level
defined by Equation (7) for each frequency point .

The first two output threshold power levels to be defined will refer to
“desired signal” output power thresholds. The third threshold level will
refer  to an “interference signal” output power threshold.

4 . 2 . 2  Minimum de tec table signa’ . A receptor operating in an interfer-
ence—free environmen t is said to be c~iaracterized by some minimum level of
input signal which just provides desired performance quality. This “minimum
detectable signal” at the recep tor inpu t por t compe tes only wi th ther mal no ise
power generated inter all~’ within the receptor and produces , accord ing to
Equation ( 7 ) ,  a corresponding output threshold powe r , Kd, which is called the
“standard signal response power level”. This particular output threshold
power is defined as that output signal power , SD, which has an appropr ia te
rela t ionsh ip to the ou tpu t noise power , ND, such that desired signal perfor-
mance quality is just achieved for the receptor. This discussion indicates
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that, in the idealized, interference—f ree environment, the receptor may have
both signal power and internally generated noise power present at its detector
input, a condition which is expressed by the following:

= S
D 

+ N
D 

N
D 

(1 + S
D

/ N
D

) (8)

The input signal power at the detector in (8) can be thought of as constrained
by the bandwidth of some filter device preceding the detector input while the
noise power is const rained by the “effective noise bandwidth”, B , of the
receptor device itself. In the following discussion references P0 output p ower
levels always refer to levels at the detector input.

The above relationship shows that the output signal power can be calcu-
lated as the product of an output noise power (a constant for a given recep—
tor given by N~ = C0 Fk T g~*) and the output signal—to—noise power ratio,
SNR = SD/ND. It can generally be said that the output signal—to—noise power ratio
governs tne performance quality of a receptor and that a specific numeric
value of the ratio, denoted ~~~ establishes the threshold signal power at
the receptor ’s detector according to the following:

K = N
D 

.

In particular, the “standard signal response power ievel”, K,j, at the detector
input is defined to be:

K
d~~~~~~~~

N
D 

. (9)

where the SNR value to be assigned is dependent upon the type of recep tor
involved and upon the criterion employed to judge its performance quality.
Corresponding to the “standard signal response power level” defined above is
a minimum value of receptor input power at a particular frequency, f~~, which
just produces the threshold power level. This “minimum detectable signal” at
the receptor input port is defined by:

~ 
K~/~~( f )  (10)

* This is a standard definition for output noise power as defined in numerous
textbooks on communication receivers. The symbols are defined as follows :

G = the on—tune power gain — a numeric

F = receiver noise figure — a numeric

k = Bolt zman ’s constant in watts per degree Kelvin per Hz

T device temperature in degrees Kelvin

B~ = the device noise bandwidth in Hz
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At the receptor tuned frequency, f0, it is recognized that the quantity ~ (f 0)
is identically the tuned frequency power gain of the receptor , C0, and the
above definition of “minimum detectable signal” or “threshold sensitivity”
takes the form normally employed in communication system calculations as
follows:

= N
D
SNR/8(f ) = G FkTB SNR/G (11)

= FkTB SNRn

4.2.3 Minimum acceptable signal. In an actual system application of a
receptor , there may exist numerous sources of unintentional or interference
signals with which a desired signal must compete. These system generated
interference signals can couple to the receptor input port by one or more of
a variety of coupling paths and will produce an output power component at the
recep tor ’s detector which will influence the receptor ’s performance quality.
The system design and the application of receptor devices in the system must
provide fo r some interference tolerance. The amount of interference tolerance
will be subject to tradeoffs but , in general , will be defined initially for
each individual recep tor based on some “minimum acceptable signal” perfor mance
criterion . A method for defining such an input desired signal level wh ich
ref lects  a tolerance for  system induced interference is now developed .

The receptor output  power (detector input) in the system environment
contains  an interference powe r component in addit ion to the therma l noise
power and the desired signal power and is described simply as follows :

= SD + ND + ‘D 
= (N D + 1D~ 

[1 + SD / ( N D + ID) ]  (12)

Again , the output signal power , 5D ’ is seen to be calculated as the produc t
of output noise—plus—interference power and a quantity called the output
signal—to— (noise plus interference) power ratio , SNIR , where SNIR ~ SD

/ ( ND+I
D
).

In the system environment, it is necessary to establish the particular
numeric value of this ratio , denoted SNIR, which produces the “standard inter— •I
ference response signal power level” , Ka, at the detector such that an accept—
able performance quality results for the receptor . This new value of detector
threshold power is accordingly defined as follows:

K 
~ 

(N
D + :i~ ) . SNIR (13)

This “standard interference response signal power level” has an associated
receptor input port power level, Pa(fp) at an arbitrary frequency which iscalled the “minimum acceptable signal ’ and is given by:

~ 
Ka/B (fp

) (14)
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Since K~, is determined from the product of the combined thermal noise plus
interference power with a SNIR value and since SNIR is likely to equal

~~~~~~~~, it follows that Ka > Kd is probably true 
in most cases.

4.2 .4  Susceptibility Power Level. The discussion jus t preceding has
established the particular signal power threshold at a receptor ’s detector that
was tolerant of some system—induced interference power. This “standard
interference response signal power level” had a corr esponding “minimum
acceptable signa l” at the receptor input port defined by Equation (14)
in which the detector th reshold power level , K , was defined in Equation (13)
in terms of an allowable SNIR. The question n~xt requiring an answer is:What is the tolerable level of interference power at the receptor ’s detector?
This “standard interference response interference power level” , K , will have
an associated input port “susceptibility power level” at every fr~quency pointin the spectrum given by:

s(f ) ~ K /~ (f~) (15)

The “EMI margins” calculated by IEMCAP will be seen to be the rat io
of actual interference power level calculated by the program at the receptor
input to the “susceptibility power level” . A ratio greater than unity is
said to be an interference condition; a ratio less than unity is said to
be a compatible condition.

The following development defines the interference “susceptibility”
in terms of the other quantities known about the receptor and defined
previously. The development starts with Equation (13) where the output
interfe rence power , ‘D’ is now considered to be exactly the tolerable
interference power or “standard interference response interference power
level”, K , at the detector as follows :

S

K = N
D 
(1 + Ks /N D) .  SNIR 

(16)

(this is just Equation (13) with set equal to K
5)

Now, f rom (9) ,  N
D 

= K
d
/SNR so that

K/K
d = (1 + K . SNR/K a) .  SNIR/ SNR (17)

Then,

(K
g

/K
d

) . = [(K /K
d) 

(~~~/~i~ii~) _ l]  (18)
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or , using Equations (9), (11), (14) and (15) in (18), there obtains:

S(f ) 8( f  ) I P  (f )~~(f ) SNR
~ p si~ii:=I a 0 0 

_ _ _  
— l  19)

L~d o ~~~o~ 
SNIR

Finally , use of the definition for “threshold sensitivity” given by Equation
(11) in (19) yields: r

p L d 0  SNIR

Equation (20) defines the “susceptibil ity” function of frequency in terms of
input power ratios at the tuned frequency, f0, the prod uct of input thermal noise
power with the on—tune power gain , ~ (f 0) = G0, and the power transfer  f unction ,

~3(f~ ). The product of on—tune power gain with the input noise power , G0FkTBn is ,
of course , the output noise power , ND (no ise power at the detector input).
Equation (20) demonstrates again that the susceptibility function is inversely
proportional to the power transfer function in accordance with the definition
given by Equation (15).

Eviden tly the susceptibility func tion of f req uency is a curve similar to
tha t shown previously in Figure 4 , taking on power values described by Equation (20).
Figure 6 shows , as f unc tions of frequency , the three receptor input power quant i t ies
defined and discussed in this section . The receptor response characteristic for
“minimum detectable signal”, for “minimum acceptable signal” and for “susceptibil ity
power level” ar e all iden tical f unc tions of frequency except for constan t power S

level displacement factors as indicated in Figure 6. These constant displacement
factors are exactly the detector input power levels associated with each receptor
input power quan tity ,  divided by the on—tune power gain of the receptor in each
case.

In general , as indicated in Figure 6 and in accordance with the precedi~-tg
discussion , the “minimum acceptable signal ” curve will be displaced upward from
the “minimum de tec table signal” since a higher level of desired signal will
probably be necessary in order to tolerate some interference power in the receptor .
It is also to be expected in most cases that the “susceptibility power level” curve
will be displaced downward from the “minimum de tec table signal” curve in the
manner illustrated in Figure 6. Whatever the actual displacement direction or
amount , the “susceptibility power level” at the tuned frequency will nearly always
have a value d i f f e ren t than the recep tor “sensitivity ” level (minimum detectable
signal) and this “suscep tibility power level” is the value that must be used in
the IEMCAP input data for receptors instead of the “sensitivity” value tha t is
presently specified (Reference 1).

4.3 RF receiver performance . The developments in the precedi,ng
paragraphs are elaborated upon in this section by reference to typical 

S

performance characteristics of RF receivers . The discussion here will focus
attention on the detector section of RF receivers which governs their signal
response behavior. Figure 7, which shows the separation of the typical
receptor into two functional sections , will aid the discussion. The firs t
section of the receptor is defined to include all of the linear input stages
providing signal gain and frequency selectivity . All nonlinear effects are
considered to reside in the detector.

32

- — .~~—S -- —S— —  -— —~~-- S - —-~~~~~~ - - ——~~~~~~ ~~~~~~~~ 
- 

~~
-- -S——S —---- .



~~~~~~~~~~~~
5 5 5

~~~ - - -

Minimum Acceptable Signal

~~~~~mum Detectable Si~nal_\~~
\

-
~~ j3 (f)

—i 
-~~~~~

8 (f)
Susceptibility
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Minimum Acceptable Signal = Kafl3 (f o)
at Tuned Frequency
Minimum Detectable Signal = Kd43 (t o)
at Tuned Frequency
Susceptibility at 

— K tTuned Frequency — Sfl~ 
( o)

Frequency

a ~ = Front end power transfer function
Kd = Standard signal response power level
Ka Standard interference response signal power level
K5 Standard interference response interference power level

Figure 6. Power Level at Receptor Input for Constant Powe r at Detector Input

Receptor K 
Receptor

I Input Stages Detector Standard
(linear) (Linear or Response

p (f). F, Bn Nonlinear)

I I I
I I I

Input Detector Decision

Threshold Threshold Threshold

Figure 7. Two.Section Representation of a Receptor
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The discussion of signal transfer in receptors throughout this report

thus far has involved exclusively the linear input section, with all the analyses
conce rned only with the nature of the signal delivered to the detector input.

This is appropriate since the IEMCAP in particular and much of EMC analysis in
general includes only linear modeling of system elements. It is the responsibility
of the systems designer to specify the signal characteristics needed at the inputs
to the detectors in system receptors in order to achieve needed system responses.
However , the EMC team also needs to understand the system requirements and will
work closely with the system design team in per fo rming th e t rade studies lead ing
to element specifications . Consequently, the response of the receptor ’s detector
to various forms of input signal needs to be understood in order to appreciate
the constraint s necessary on its input signals for proper system functioning.

4.3. 1 An FM Receiver Example. This example will be used to illustrate
how the “susceptibility power level”, denoted S(f0) in the preceding section,
is calculated using known characteristics of a receiver . In the sample calcu-
lation it is assumed for simplicity that system—induced interference signals
present in the receiver have the same statistics as the receiver noise with
respect to the desired signal and that they are uncorrelated with the noise.
With this assumption the interference and noise powers can be added when
evaluating the denominator of the signal—to—(noise plus interference) ratio .

Typ ical of FM receivers is the sharp threshold effect in their performance
characteristic . Figure 8, which represents a FM receiver detector input/output
power charac teristic , illustrates this effect. As long as Si/Ni (detector input
signal—to—noise power ratio) exceeds about 20 dB , the detec tor ou tpu t signal— to—
noise ra tio , S0/N0, is nearly 20 dB larger than the input signal—to—noise ratio .
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Figure 8. Typical FM Receiver Performance Curve
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With smaller values of Si/Ni, performance degrades rapidly, though not necessarily
unacceptably. Since it is usually desirable to operate above this threshold or
knee of the performance curve, it is assumed in this example that the minimum
acceptable Si/Ni (SNR in the preceding discussion) should be 20 dB. It Will also
be assumed that the sensitivity or “minimum detectable signal”, 

~
d(f0), at the

receiver input terminals, in the absence of interference, is —90 dBin and that this
produces a signal power (standard response power level), Kd, at the detector input
of —30 dBm (receiver power gain, G0, of 60 dB). In order to achieve SNR = Si/N i 

=

20 dB for this “minimum detectable signal”, it follows that the noise power at the
detector input is —50 dBm .

Now assume that this FM receiver has been selected for use in a new system
in which system—induced interference must be tolerated while realizing acceptable
performance of the receiver . That is, noise—like interference will be present at
the receiver input in addition to some “minimum acceptable signal” and the thermal
noise. It is assumed that the system design calculations have shown that the
“minimum acceptable signal” , 

~a (
~ o) ’  at the receiver input will be —84 dBm .

This signal will appear at the detector input with a power level, Ka, of —24 dBm .
Such a signal, in the absence of interference, would produce an input signal—to—
noise ratio, Si/Ni, at the detector of 26 dB. This is seen to provide a 6 dB
margin above the 20 dB required SNR assumed for the example. With the assumption
that the interference will combine with the noise additively and tha t  the required
signal-to— (noise plus interference), SNIR , must be identical to the SNR fo r  the
interference—free condition , the “cusceptibility power level”, S(f0), can be
immediately calculated using Equation (20) of the preceding section as follows:

SNR/SNIR = 1

= 4 (—84 dBm +90 dBm = 6 dB)

8(f )FkTB = G
0

FkTB
n 

= 10 8 watts  (— 50 dBm)

8(f )FkTB /8(f ) = 10
14 watts (—110 dB’~)

S(f ) = [8(f 0)/ 8( f 0) ]  FkTB~~~ a o ~~~~d~~~o~~’ 
[SNRISNIRI — l}

= 3 x io ’4 watts (—105.2 dBm)
Thus it is seen that the “susceptibility power level”, the IEMCAP input da ta
quantity required for a receptor in a systelt EMC analysis , provi~~ s a tolerable
input interference power level in the system environment of three t imes the
receiver input noise power for this FM receiver example.

With reference again to the hypothetical receiver power transfer curves of
Figure 6, the above result says that the “susceptibility power level” at the
receiver front end should be down approximately 21 dB from the “minimum accep table
signal” at the tuned frequency of this receiver ’(—105.2 dBtn + 84 dBm) .  The
“susceptibility power level” is also down approximately 15 dB from the “mInimum
detectable signal” (—105.2 dBin + 90 dBm ) or the “sensitivity” level of this
receiver.
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It 1~ , onsidered instructive to approach the susceptibility calculation for
the FM receiver from a different perspective using the relationships developed in
Section 4.2. The result, of course, will be identical to that obtained in the
numerical example above but the approach used should provide some addi tional
insight into the situation . All of the assumptions made in the preceding calcula-
tion will also apply in the following numerical development .

The noise power at the input to the receiver detector is:

ND 
= 10 watts (—50 dBm)

SNR = S
D/ND (interference free) = 4xl0

2 (—24 dBm + 50 dBm = 26 dB)

SD 
= N

D x SNR = 4 x io 6 watts (—24 dBm)

SNIt = SNR = 102 (20 dB)

K = SD 
= 
~
NIR(N

D + ‘D~ 
= 4x10 6 watts (—24 dBm)

(N
D 
+ ‘D~ 

= K /SNIR = 4x10 
6/102 4xlO 8 watts (—74 dBm)

K = = (N
D + ‘D~ 

— ND = 4x10 8 — 10 8 
= 3x10 watts (—45.2 dBm)

S(f ) = K / ~~( f )  = K / C  = 3xlO 8/106 = 3xlO 14 watts (—105.2 dBm)

As expected , the above susceptibility power level result obtained from
calculations with receiver detector input power levels, has the same value as that
obtained using front end power levels in Equation (20). The information brought
for th by this latter calculation that will often be useful in practical appli—
cations is knowledge abou t the signal and interference power levels at the
detector input , SD and ‘D~ 

These power levels could also be obtained from the
inpu t power quan tities , P (f 0) and S(f 0) respectively, obtained in the previous
sample calcula tion , by mu~ tip1ying these by the on—tune power gain , C0.

The ra tio of detector inpu t signal—to—interference powers , SD/ID, will of ten
be valuable to systems and EMC engineers when establishing acceptable performance
cr iteria for recep tors opera ting with in terference signals presen t, using the
“receptc-r performance curves” when these are available as discussed in the next
section. In the present example the SD/I D for the hypothetical FM receiver
is seen to be approx~.mately 21 dB (—24 dBm + 45.2 dBm).

Evaluations of the “Susceptibility ” criterion for other types ’of rece ivers
may not always employ the output sign-’l—to—noise ratio as the performance cri-
terion. Some other receiver types aii~ their associated performance criteria
include the following :

1) AM receivers : output signal— to—noise versus input signal—to—noise.

2) Digital communication receivers : Probability of error versus —

input signal— to—noise ratio ,
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3) Radar receivers : Probability of detection versus input signa l—to—
noise ratio (assuming a fixed false alarm probability),

4) Voice communications : articulation score versus input signal—to—
noise ratio,

5) TV colmnunicationB: TASO subjective scoring method relative to a
picture quality versus input signal—to-noise ratio.

4.4 Susceptibility quantification for general interference.
Consideration should be given to the fact that the statistics of a particular
interference signal may not be the same as that of the front end noise rela-
tive to the desired signal and further, some interference types may be more
offensive than others to the desired signal. Here one cannot solve for the
standard interference response power level by merely representing the interfer-
ence power as being linearly proportional to the front end noise and thus using
standard signal—to—nois e performance curves for its determination. One should
resort here to tests or non—linear computer codes relating to the specific
modulation/demodulation characteristics of the given receptor. The results
of this approach are generally presented in curves similar to Figure 9 ,
which gives performance scoring versus input signal—to—interference ratio
for cons tant signal—to—noise ratios . Us ing such curves one can then determine
a number of standard interference power levels , each associated with specific
interference modulation types.

A proposed approach for  utilization cf such performance data is that , at the
outset of the IEMCAP usage on a particular system, the EMC engineer surveys
the system for prospective interference to a particular receptor , picking
the most offensive one from a signal—to-interference ratio standpoint , thus
defining a maximum standard interference response interference power level for
an initial run. Refinements to a given receptor ’s standard interference
response interference power level can be subsequently made if the initial run
shows the preponderance of interference comes not from the most objectionable
signal from a detector standpoint, but from some other source.

Work related to considerations of signal— to—interference statistics and
non—linear effects of interference analysis have been carried out by the
Electromagnetic Compatib ility Analysis Center and results in a form similar
to Figure 9 are documented in the Communication Electronics Receiver
Performance Degradation Handbook , Reference 2.
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Figure 9. Output Performance vs Input Signal-to-Interference Ratio for
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5. PROCEDURE FOR CORRELATION OF THE INTEGRATED MARGIN WITH TEST DATA

An experiment is described in this section which may be used to demonstrate
the physical meaning of the integrated EMI margin (I.M.) calculated by the
IEMCAP. The experiment will also serve to provide data for correlation with the
IEMCAP numerical computations by careful modeling of the parameters of the
experiment into the IEMCAP , running the program and comparing its output data
with the test data.

As discussed previously , there exists a power level for power sensitive
receptors , measured at the detector input, due to unrequired systen
emissions which , if exceeded , will cause the receptor to deviate from an
acceptable required signal performance. This power level has been defined as
the “standard interference response power level”. All ILMCAP calculations are
relatable to this interference threshold power level. The IEMCAP actually
utilizes a “susceptibility ” power level which is jus t the “standa rd interference
response power level” transformed to the receptor input port.

The sus ceptibili ty  level is used in the IEMCAP to normalize the input
interference power spectral density in the integration computation leading
to the qua n t i ty  called the integrated EMI margin. If the value of the
integral, expressed in decibels , exceeds 0dB , an interference condition is
said to exist. This normalized integration procedure is equivalent to compar—

— ing the interference power level, measured at the de tec tor , to the standard
interference response power level.

The pu rpose of the proposed experiment is to demonstrate that this
normalized integral app roach to predicting power ratios at the de tector ilput
is valid for power — vulne rab le equipments and that  the resul tant  IEMC AP
integrated margin can be correlated with the measured data. The experimental
procedure involves use of a number of independently var iab le signal genera tors
simultaneously coupling into a receptor having a detector whose output is
linearly proportional to power. Such equi pment is usually availab le in an
ENC laboratory.

The power — vulnerable receptor can be configured from a standard EMil
test receiver, ~uch as an Empire Devices NF—105, wi th an average powe r
detecto r (thermis tor or bolometer) connected to the post IF stage as shown in
Figure 10. Using this receptor confi gu ration , it is evident that the meter
reading is directly proportional to the detector input power level.

The signals for input to the NF—l05 can be derived from a comb ination of
tunable CW signal generators (which may also be modulated) combined by means
of a resistive combiner with typical resistance as shown in Figure 11. The
resistance values suggested for the combiner will provide grea ter than 60 dB
isolation between sources.

The test procedure to be followed is to first use one of the CW generators
and, by varying its frequency and amplitude , determine a CW input power
function for a constant receiver output , such as that sketched in Figure 12.
This CW input power selectivity function can then be used to validate the system
approach in the IEMC AP by injecting 2 or more signals at different frequencies
arid verifying that their combined effect on the receptor , measured at the
detector, actually corresponds to the normalized integration of the interfering
signals at the receptor input based on the susceptibility function. 
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Fi gure 12. CW Input Power Response of a Receiver

The input CW power response function can be defined by choosing a
specific recep tor meter reading as the “stan dard interference response
interference power level” and measuring as a function of frequency the single
source amplitude at the receptor input which produces that designated receptor
response. In keeping with EMC terminology , since the meter response has
been designated the standard interference response , this input power function
is defined to be the “susceptibility function” of the receptor for this
experiment.

The next stage of the experiment is designed to demonstrate experimentally
the IEMC AP poin t margins and total integrated margin. This is done by using
two or more signal generators simultaneously with each operating at different
frequencies and with their power levels adjusted to produce j ust the receptor
input power level corresponding to the “susceptibility curve” previously
established for the receptor. Thus , each generator individually delivers jus t
the au~ unt of power at the detector to pro duce the “ standard interference
response interference power level” established earlier in the experiment .
This corresponds , in the I~ 4CAP terminology , to a 0dB point marg in at each
of the generator signal frequencies. Under these conditions the receptor
power meter reading is expected to be a factor of N time s the originally
chosen reference power level, where N is the number of signal sources.
Assuming this is the case, the result corresponds to an incompatibility on
the basis of the IEMCAP “total integrated margin”. If indeed the receptor
response power level is equal t o the “standard interfe rence response interference
power level” times the nuther of sources , the equivalence between the inte-
grated margi n , evaluated at the receptor input by the IEMCAP , and power ratios
at the detector has been demonstrated experimentally.
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Resolution of the incompatibility deliberately arranged In the preceding
step should b e possib le , according to the IEMCAP model , if each “point margin”
is reduced by a factor equal to the number of sources. This is accomplished
experimentally by attenuating the output power of each signal generator by that
amount (3dB if there are 2 generators , 6dB if there are 4 generators, etc.).
When this is done the meter reading is expected to return to the “standard
interference response interference power level” and , since mult ip le signals
are involved , this would correspond to a return to a 0dB total integrated
margin as predicted by the IEMCAP .

The experiment can also be carried out using periodic modulated sources
so long as there exists a means of quantifying each of the sources, in
amplitude and bandwidth , at the receptor input. Using these modulated sources
will verif y the equi valence between b roadb an d s igna l calculations at the
receptor input and power level ratios at the detector input .

The experiment proposed here can now be simulated in the IEMCAP program
to check its numerical accuracy and to provide better insight into the basic
computations. Since the signals and receptions are known and fixed , all
spectra should be considered as required. The susceptibility spectra of the
receiver can be inpu t directly into the IEMCAP with its unrequired frequency
region set to a large rejection level.

Since the IENCAP cannot handle direct coupled input signals to receptors ,
each of the signal source spectrums must be simulated as coupling through some
f ic tit ious coupling medium . This is easily accomodated by specifying all the
sources as RF ports connected to the same antenna and specifying the receptor
as an RF port connected to an antenna in the very near field so that the
transfer function between source and receptor is a known constant. Each
source input power can then be multiplied by the reciprocal of that constant.
Allowing for this source adjustment and setting the unrequired emission levels
to a negligible level one can then proceed with the numerical simulation.

Setting each of the signal sources to a value that produces the suscepti— =
bility power level at the input should produce IEMCAP outputs comparable to the
experimental results. Since each portion of the input spectra results from
different sources the program “total integrated margin” output is equivalent
in principle to the experiment “ integrated margin” while the program “integrated
and point margins” are comparab le to the experiment “point margins” .

Ideally the program outputs for all the sources inputting the susceptibility
power level should be zero dB point and integrated margins and a total integrated
margin of 10 log10 

N dB. Subsequent running of IEMCAF with the emitter amplitudes
reduced by 1/N a~ prescribed in the experiment should ideally product a zero dBtotal integrated margin. Comparison with actual IEMCAP outputs will provide a
check on the numerical accuracy of the integrated margin calculation.
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6. INTEGRATED MARGIN AS EMC FIGURE OF MERIT.

The discussion in this section examines the reliability of the integrated
EMI margin (I.M. ) as an indicator of EMI /EMC of system elements . Within certain
limitations that are discussed, the general conclusion is that the I.M. is as
good for this purpose as the data available as input to the IEMCAP for
modeling the system elements. This conclusion is supported to a high degree
by the results obtained in the assessment of the compatible F— 15 weapon sys tem
performed on the present program. While a number of incompatibilities were
predicted for the F—l5 system by the IEMCAP , most of these are explainal- le or
at least found highly questionable, because of insufficient test data with
which to model the system elements. Wherever good test data existed in the F—l5
assessment , the predictions (extensively using the I . M . )  were also generally good.
Where the predictions were poor, under circumstances of good input data , they
were usually traceable to situations which could not be adequately treated
by the existing models in the IEMCAP.

Prior to its being exarcised against the F—l5 system, there had been a
be lief that the IEMCAP would over—predict interference to a substantial extent.
This expection was not verified however. The bases for these original concerns
included the various worst case assumptions in the program sy stem mode l and
such factors as the assumptions about wire spacings in bundles . The influences
of these effects are not fully established at this point, although the sensitivity
study performed on the F—l5 mini—system tended to dispel many of the earlier
concerns.

There is strong evidence , as brought out in previous sections that , given -;
good modeling of the spectra and of the coupling modes in a system , the I.M.
calculated by the IEMCAP is a proper indicator of EMI/EMC fo r power vulnerable
receptors . It is found , however , that there are certain receptors in systems,
prob ab ly coming into more widespread use as technology advances , tha t are not
adequately represented by the power vulnerablity assumed in the TEMCAP system
model. These threshold vulnerable devices must have more information about
their actual modes of excitation and the IEMCAP should make provisions for an
option capable of predicting the system effects on such devices. An approach to
providing the IEMCAP with a logical alternative analysis approach , using peak
current margins, for threshold devices has been suggested herein. A key aspect
remaining to be adequately treated is the proper assignment of susceptibility
levels for such devices. There appears currently to be a lack of consensus in
the electronics community about the degree of vulnerability ot these types
of system elements to EMI upset.

The assessment of the validity of the I.M. as an indicator of EMI/EMC during
the IEMCAP F—l5 validation program involved extensive exercising of the
Comparative EMI Analysis Routine (CEAR ) portion of the IEMCAP. This use of the
CEAR, while providing strong indications of the reliability of the 1.11. as an
EMC figure—of—merit for known equipment , does not fully emphasize all of the
precautions required to be exercised by a user in the development of a new
system using the specification generation routine (SGR). In this important
application of the IEMCAP , the I.M. requires very careful evaluation in relation
to other program outputs and should not be relied upon exclus ively as the
Indicator of EMI/EMC. The reasons for this precaution have been elaborated
previously , but certainly include the need for awareness of the possibility

43

L  - - -5  - —-5----- -_ - 5- .--— - ,A 
-

-—5--—— 5-— —A— — — — —



—-5--- _ 5___
~~~~~5—~~~~~ --5-_.—,--—5--5-- --

of over—specifying equipment spectrum suppression, in addition to the norma l
emphasis on EMC. Very often in this situation, where spectra are largely
unknown, the point margins and total point margin calculated by the IEMCAP
are very useful in pinpointing sources and spectral regions of potential EMI
and will reveal performance and cost effective approaches for assuring EMC
that are at least as valuable as the I.M. in this regard.

In summary , a number of factors combine to affect the reliability and
accuracy of the integrated EMI margin (I.M.), calculated by the IEMCAP, as
a measure of EMI/EMC . In genera l, these factors vary during the life cycle
of the system, with the accuracy improving as the system matures. The key
factors affecting accuracy of a new system are as follows:

a) Errors in the spectral data estimates for equipments not yet
developed or tested; estimated standard deviation of error
(e.s.d.e.) in I.M. of 20 dE.

b) Measurement data errors for the spectra of existing equipment plus
variations from equipment to equipment; e.s.d.e. in I.M. of 3 dB.

c) Input data errors resulting from inexact knowledge of wire locations
and locations of apertures, antennas and equipment boxes ;
e.s.d.e. in I.M. of 6 dB.

d) Inaccuracies of the IEMCAP coupling and spectrum mathematical
models; e.s.d.e. in I.M. of 10 dB.

e) Errors due to IEMCAP approximations in the spectra, coupling and
system models ; e.s.d.e. in I.M. of 3 dB.

Treating the error in the I.M. as a sum of errors which are random
and independent of each other, the resulting standard deviation of the error
is obtained as the square root of the sum of the squares of the individual
e.s.d.e.’s, yielding an e.s.d.e. of the I.M. of approximately 24 dB.

The maturity of a system is seen to be a definite factor in the reliability
of the I.M. in predicting EMI/ENC. The more that is known about the emission
and susceptibility spectra and about the mechanisms of coupling of system
elements the closer the I.M. comes to being a true measure of electromagnetic
compatibility in the system.
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APPENDIX A

An Introduction to the IEMCAP

This appendix is a description of the IEMCAP program , the capabilities for
which it is designed, and its basic approach to system EMC analysis.

The IEMCAP is a computerized analysis program to facilitate the practical
implementation of EMC at all stages of an Air Force system’s life cycle , from
conceptual studies of new systems to field modification of old systems. This
capability is applicable for use in ground, aircraft and space/missile systems.
The major areas to which this program addresses itself in attaining this
objective are specification generation , waiver analysis , design change
evaluation , and trade—off analysis . To achieve all of the above tasks , the =
computer program is designed with the flexibility to perform compatibility
analysis at design stages ranging from a conceptual system configuration to a
well—defined system.

The program provides the EMC engineer with a variety of analysis
capabilities for use in all phases of the system development cycle from . -

conceptual feasibility studies to field modification of existing systems .
Presently , rigid military specifications are used to control the generation
of and susceptib ility to Electromagnetic Interference (EMI). The same
specifications are applied to an individual relay , to a comp lex spaceborne
rendezvous radar, to a one—shot missile, to a long—lived, multi—purpose
fighter aircraft , and to a ground—station comp lex covering many acres . To
cover such a wide range of applica tions , the military specifications must be
general and are usually limited to worst—case conditions. Such general—
purpose specifications do not provide for particular system and installation
characteris’-~~’s, and therefore they do not guarantee total system ENC and
often result ir overdesign. To provide for cost effective EMC this program
combines a vt rsatile file management system and state—of—the—art mathematical
models to perform the following tasks :

o The program generates EMC specifications to supplement or replace
MIL—STD—46l, or MIL—I—6l8l.

o The program assesses the impact of these specifications.

o The program provides information on design parameters that assist the
EMC and design engineers in establishing a compatible systems
design and in making trade—off decisions .

o The progr am determines the effect of design changes and evaluates the
feasibi l i ty of new concepts.

IEMCAP Data Organization

Complex defense systems contain vast numbers of emitters and receptors
of electromagnetic energy . To organize these into a form convenient for
collection and utilization by the user and the IEMCAP program , a hierar chy
structure is defined. The system (aircraft, spacecraft , or ground) is
divided into subsystems which are groups of equipments performing related tasks.
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The physical boxes comprising the subsystem are defined as equipr t cases,
and electromagnetic energy may enter or leave these equipment c via ports.
Ports are designated as emitters or receptors (or both). An enu er port
generates electromagnetic energy, and a receptor port is susceptible to
electromagnetic energy.

Ports may be Intentional or unintentional. An example of an unintentional
port is leakage into or out of an equipment case. An example of an
intentional port is a connector pin through which AC power , signals , etc. are
brought into or out of the equipment.

Basic Analysis Approach

All intentional ports must generate and/or receive certain types of
signals to perform their intended function. The signals or responses which
are intentionally generated and coup led from port to port  are called
operationally required and cannot be altered without affecting system operation.
In addition to the required signals , there may be additional undesired outputs and/or
responses . These are called operationally non— reguired. For example , an
emitter can have non—required outputs in the form of harmonics, and a
receptor can have an undesired response in the form of an image response.

An incompatibility is said to exist when sufficient signal from an emitter
port , or ports , is unintentionally coupled to a receptor port to exceed its
susceptibility threshold. Required signals and responses, by definition , cannot
be restricted by ENC specification. The non—required signals and responses are
spurious and can be controlled; that is, limits can be set for them such that
the system is compatible. These limits are called EMC specifications. Ideally ,
if all ports have no emissions and susceptibilities exceeding these limits , the
system is compatible. An important task of IEMCAP is the generation of a set
of specification limits tailored to the specific system under analysis.

The emissions and susceptibilities, both required and non—required , are
represented in IEMCAP by spectra. For each emitter port, a two—component
spectrum represents the emissions produced over the frequency range. The
broadband component represents continuous emissions , which vary slowly w ith
respect to frequency ; while the narrowband component represents discrete
emissions , which vary rapidly with respect to frequency . Thus, each emitter
can be considered to have two spectra: broadband and narrowb and.

For each receptor, a spectrum represents the susceptibili ty threshold ove r
the frequency range. The susceptibility level is defined as the maximum
interfering signal, at a given frequency , for acceptable receptor performance.

For each intentional port , a portion of the freauency range is defined as
the required range. All signals within this range are required and Cannot be
adjusted. Outside this range limits may be set for the maximum emission and
minimum susceptibility levels . Within the required range, the spectrum is
de fined by a mathematical model of signal level versus frequency. This can be
either from equations of the frequency domain representation of the signal
or directly from a user—defined spectrum. Outside the required range, assumed
levels are used for the port spectra. During specification generation , if these
assumed spectrum levels cause interference, they are adjusted such that there
Is compatibility. By adjustIng the spectra of emitters and receptors for
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compatibility, the maximum non—required emission and minimum susceptibility
levels are obtained which will produce a compatible system. To prevent
too stringent specifications from being generated , each spectrum has an
adjustment limit. While any values could be used for the initial non—required
spectra, IEMCAP uses the limits of military ENC specifications MIL—STD—461A
and MIL—I—6l8 i.D . The Initial levels may be relaxed or tightened from these
if desired.

The general approach in performing the various tasks is two—fold. First
an emitter—receptor port pai r is selected and their type , connection , wire
routing, etc. are quickly examined to determine if a coupling path exists.
If a path exists the received signal is computed at the receptor and compared to
the susceptibility level. In addition to the emitter—receptor port pair analysis ,
the program also computes the total signal from all emitters coupled ,~into each
receptor acting simultaneously.

Representation of Port Spectra

IEMCAP is required to analyze a large number of ports with reasonable run
times and reasonable computer core memory requirements. At the same time, it
must quickly evaluate the coupling from any type of emitter port into any, type
of receptor port. For specification generation, the spectra must be easily
adjustable at the frequencies where incompatibilities are found as well as allow
efficient incorporation of further adjustments. For trade—oft and waiver
analyses, the spectra and interference of modified ports must be efficiently
compared to those from previous runs. Also, the spectra must be stored on
files and readily used for  future analyses .

In view of the above criteria, IEMCAP uses a sampled spectrum technique
in which each spectrum amplitude is sampled at various frequencies across
the range of interest. Considering the requirement of MIL-STD—461A of 3
frequencies per octave from 30 Hz and 18 GHz, this required approximately 90
sample frequencies. This is a reasonable resolution for ENC specifications in
which limits of emission and susceptibilities are set and can apply over large
regions of the spectrum. (If greater resolution is desired, IEMCAP allows
the user to specify specific frequencies). To avoid missing narrow peaks
between sample frequencies, IEMCAP samples the spectrum in the interval half-
way between the sample frequency and each of its neighboring sample frequencies.
For emission spectra, the maximum in the interval is used, and for susceptibility
spectra the minimum is used. This effectively quantizes the spectra with
respect to the sample frequencies. To minimize core memory and data file size
requirements , a tab le of sample frequencies is defined for an equipment, and all
spectra of ports within that equipment are quantized to the tabulated values.

The equipment frequency tables can be defined using two opt~.ons . First,
the user may specif y the upper and lower frequency limits , the maximum number
of frequencies (up to 90), and the number of frequencies per octave. The
program then generates a table of geometrically spaced frequencies within the
specified limits. Optionally , the user may specify the upper and lower
frequency limits, the maximum number of frequencies and a number of specific
frequencies (up to the maximum number) of interest. The program then generates
geometrically spaced frequencies to fill in the number of frequencies not
specified . For example , if the maximum number of frequencies to be used is
90 and 10 are us er specified , the program generates 80 geometrically spaced
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frequencies over the specified frequency range and inserts the 10 user
frequencies at the appropriate places. (The number of frequencies per
octave is ignored if the latter option is used.)

The range of frequencies covered by the analysis is controlled by the
user. The program will accept any range from 30 Hz to 18 GHz, but if desired ,
the user may concentrate all 90 frequencies over a smaller interval within this
range. =

Each port is categorized by function into one of six types , RF , power ,
signal, control, electro—explosive device , and equipment case, each type having
its own subinterval of frequencies within the overall frequency range , adapted
from MIL—STD—4ól/462 ranges for the port function. The non—required spectrum
model routines generate zero emission and essential infinite susceptibility
outside these sub—intervals.

Thus, IEMCAP represents the spectra as amplitudes within up to 90 contiguous
intervals across the frequency range of interes t quantized to the sample
frequencies. The program is divided into two sections , the Input Decode and
Initial P rocessing Routine (IDIPR) and the Task Analysis Routine (TART) each
running in approximately 64 to 67K (words ) of core memory . One section of
the program contains the data management and spectrum model routines, and the
other contains the analysis and transfer model routines . Each section is
executed separately so that both are not in core at one time.

IEMCAP System Model

The system model for IEMCAP employs the standard EMC approach of
identif ying all ports in the system having potential for undesired signal
coupling. These ports are divided into arrays of emitter ports and of receptor
ports having identifiable coupling paths.

The mathematical basis for IEMCAP is the linear relationship for power
coupled from an emitter, through a transfer medium and received by a receptor.
A form of the general communication theory equation is used relating power
spectral density at the detector of a receptor to power spectral density
present at an emitter’s output port. The ratio of the total power at the
detector (obtained by integration) to a threshold power level, is used as a
relative measure of interference. If this ratio , defined as the
integrated EMI margin , is greater than one, an incompatib le situation is said
to exist.
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APPE~ D1X B

A P roposed Treatment For Thr eshold Devices

An alternative approach to EMI assessment, based on peak voltage or
current levels is presented here. The computer program IEMCAP , could be
modified to accept this peak level formalism for those devices characterized
by peak responses.

The response of a threshold vulnerable receptor can be characterized
in terms of a peak level (current or voltage) delivered to the detection
function of the receptor. This level is then related to the receptor input
and used to define a current or voltage susceptibility function , relating
the susceptibility at any frequency to the susceptibility at the tuned
frequency.

Expressing the current time waveform as a Fourier integral (valid only
for a deterministic signal), an upper limit to the peak value is obtained
from the absolute value of the integrand according to the following:

i ( t )  ~J~~I ( f )  j ut  df <f 1I ( f )  
j (~J t p  df

i(t) 1(f) . JW t  df :f I  1 ( f )  df

whure 1(f) is the current spectrum in amps per Hertz.

This expression fo r an upper bound Ofl the current provides a justification
fo r using a current spectrum formulation in an estimate of the peak current
i or voltage V delivered to the receptor detection function; the peak

voltage is related to the peak current by the load resistance , V = Ri.

Following is an analytical approach to estimating peak level interference
responses of receptors. The approach is of the same general form currently
employed in the IEMCAP for assessing interference signal average power effects.
Let :

I.(f) = the current spectrum of the j
th emitter (amps/Hz)

ti j(f) the current transfer function between the j
th 

emitter port

and the i receptor port (unitless)

h~ (f) = the linear current transfer function of the i
th receptor

(unitless)

T
i
(f) = the susceptibility of the i

th receptor port as a function of
frequency (amps)
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Now, define a detector peak threshold level of current due to inter—
ference signals, is, 

which, if exceeded , resul ts in degrada tion of the
receptor’s desired signal performance. This level is related to the receptor
front end susceptibility level T(f) by the receptor linear transfer function
hi(f) as follows:

i = T
i

( f )  h
~~(f) (1)

or ,
T . ( f )  = i

5/h 1( f )

At the on— tune frequency , f , this relationship becomes :

T .( f ) = i / h i
( f )

Thus, Ti
(f o), the input port current susceptibility level at the on—tune

f requency, is equal to the detector peak current threshold divided by the
receptor transfer function at that frequency.

Using the preceeding definitions , the integral of the current spectrum
1 ( f ) , emanating from emitter j, coupled th rough the curren t transfer f unc tion

and transferred th rough the input stage of receptor i to its

detector input is written as fo llows :

= J ~ I~ (f)  t~ . ( f )  h
i
(f) df

where,

i
D 

= peak c’irrent level due to interference received at the input
to the receptor’s detector in the frequency range from f
to

= the lowest frequency in a range of interest

the highest frequency in a range of interest

Dividing through by the current threshold level at the detector , and
incorporating the relationship expressed in Equation (1), there results an
expression for an EMI margin , the ratio of the peak current level at the
detector to the threshold level:

I~ (f ) t~~ ( f ) h1( f )/ i 5 df

i1~~~ Jb I (f) t (f) h (f)/[T (f) h (f)] df
i f j  ij i i I
s a
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1
( f )  ti.(f)/Ti

(f)  df (2)
S a

Thus the EMI margin can be exp ressed as the integral of the interference
current spectrum at the input terminals divided by the current susceptibili ty
level at the input terminals. The integrand in Equation (2) is identified as
a “margin density” expressing the incremental frequency contributions to the
current margin computations. Point Margins , integrated margin , total point
margin and total integrated margin can be defined on a peak current basis in
complete analogy with the corresponding quantities defined in the IEMC~Pcurrently on an average power basis.

“Point current margins” (P.C.M.) are obtained by carrying out the
integration over some suitable bandwidth , BW , with the following result :

P C M 1
BW I~~( f ) t~~. (f)  

df. . . J T~ ( f )  (3)
= I~ (f’)t ..(f’) BW

T
1
(f’)

where f’ is some frequency within the BW and the integral is approximated in
the mean .

— An “integrated current margin” (I.C.M.) is obtained by integrating the
current margin density ove r the full  common frequency range of the emitter
and receptor according to the following :

II.C.M. = 

~ 
I.( f ) t .~~(f)  df (4)

J f 1 T 1, ( f )

Equation (3) and (4) can be used to obtain both narrowband and broadband
point and integrated current margins , as is curr en tly done fo r average power
in the IEMCAP . The two forms of P.C.M. could be used in a routine for gener-
ation of narrowband and broadband emission specifications. Sub~ equen tly ,  a
“total point current margin” could be calculated for use in receptor spectrum
adjustment for threshold vulnerable receptors.

Finally ,  a “total integrated current margin” can be calculated reflecting
all narrowb and and broadband emission spectra and the adjusted receptor spectrum.
This total integrated margin would be the sum of the adjusted narrowband and
broadband integrated margins over all emitters coupling to the receptor in
analogy with the present average power approach .
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